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Abstract This study investigated various physical processes responsible for the longitudinal modulation
of electron density (Ne) at midlatitudes by employing the global ionosphere-thermosphere model (GITM).
The good agreements between GITM outputs and CHAMP observations indicate that the model is a
suitable tool to perform the theoretical study. Nine runs were carried out to determine the effects from
geomagnetic field geometry, zonal wind, meridional wind, high-latitude activity, migrating tides from
the lower atmosphere, and solar illumination in quantitative ways. Distinct features were discussed as
follows. It was crucial that the geomagnetic and geographical axes were offset for the development of the
longitudinal difference of Ne. The zonal wind contributes to about 80% of the fraction of the observed
longitudinal dependence of Ne. The meridional wind effect is out of phase with the zonal wind over North
America and Southern Ocean regions, which trims the fraction of the longitudinal difference to 65%. Over
the South Pacific Ocean, the nighttime Nemaintains at a higher level because of in-phase effects from
both zonal and meridional winds. The solar illumination was important in the formation of the background
longitudinal pattern of the electron density. The migrating tide from the lower atmosphere could enhance
the longitudinal difference of Ne by 15% over North America. Enhanced activities at high latitudes
could alter the longitudinal pattern of Ne by transporting thermospheric composition disturbances
to midlatitudes.
1. Introduction
The electron density at midlatitudes shows zonal (or longitudinal) variation, which tends to be explained
by vertical drift effects caused by the zonal wind [e.g., Zhang et al., 2011, 2012; Zhao et al., 2013; Xu et al.,
2013; Luan and Dou, 2013; H. Wang et al., Interpretation of longitudinal pattern in the electron density
at mid latitudes: CHAMP observation and global ionosphere-thermosphere model (GITM) simulation,
submitted to Chinese Science Bulletin, 2015]. With the magnetic declination, the zonal wind can contribute
to the plasma velocity in the geomagnetic field direction. Subsequently, the plasma are pushed down
(or lifted up) the magnetic field lines to regions of higher (or lower) density molecular species, allowing
more (or less) charge exchange to occur, which drives stronger (or weaker) chemical recombination
rates, such that the peak density and the altitude of the peak are both lowered (or increased). As the
magnetic declination angle shows a distinct zonal variation, electric densities vary significantly with lon-
gitude. Zhang et al. [2011] have reported a zonal difference in total electron content (TEC) over the United
States in September 2005 with higher density in the east (60◦W–80◦W) than in the west (110◦W–130◦W)
and vice versa in the morning TEC. Their work was based on observational data from GPS ground receivers
in North America. The research results from Zhang et al. [2012] based on the long-term electron density
data from the incoherent scatter radar at Millstone Hill from 1978 to 2011 and the zonal winds measured
by the local FPI (Fabry-Perot Interferometer) during 1989 to 2001 have shown good correlation between
the west-east electron density difference ratio and the zonal wind, further supporting the zonal wind
effect. Zhao et al. [2013] have found that the morning (evening) peak electron density (NmF2) in the far
east regions is larger (smaller) at 70◦E than at 140◦E. Xu et al. [2013] have reported west-east differences
of TEC over North America (120◦W, 70◦W), South America (80◦W, 50◦W), and Southern Ocean (110◦E,
180◦E). Luan and Dou [2013] have found that the longitudinal variation in the evening electron density
at southern midlatitudes, based on COSMIC satellite observations, are generally consistent with zonal
wind effects. All these reported longitudinal differences are similar to the global maps presented from
CHAMP electron density data. H. Wang et al. (submitted manuscript, 2015) have found that longitudinal
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differences in Ne exhibit obvious interhemispheric and west-east hemispheric asymmetries, with larger
amplitudes in the south than in the north and over the North American sector than the European-Asian
sector. They also showed that the longitudinal differences in Ne are independent of season and solar
activity level.
The longitudinal difference of the midlatitudinal electron density has been decomposed into nonmigrating
tidal components [e.g., Xiong and Lühr, 2014; H. Wang et al., submitted manuscript, 2015]. The nonmigrating
tides DE1, DW3, and SPW2 (D0, DW2, and SPW1) were shown to be responsible for the longitudinal and
diurnal variations of Ne in the Northern (Southern) Hemisphere at solar maximum and medium conditions
(H. Wang et al., submitted manuscript, 2015). By using global ionosphere-thermosphere model (GITM)
simulations, H. Wang et al. (submitted manuscript, 2015) have advanced the idea that the nonmigrating
tides originate from in situ ion-neutral coupling processes through the zonal wind-magnetic field mecha-
nism rather than being propagated upward from the lower atmosphere.
The study reported here is a follow on work of H. Wang et al. (submitted manuscript, 2015), focusing on
relative contributions to the longitudinal modulation of Ne by various physical processes. In particular,
effects from geomagnetic field geometry, meridional wind, solar ionization, high-latitude electric field,
and migrating tides from the lower atmosphere were investigated. Zhang et al. [2012] have assumed that
the effect of the meridional wind in the North American sector was insignificant. However, Luan and Dou
[2013] have argued that in the southern nighttime region, the meridional wind has a comparable effect on
the electron density as the zonal wind. Thus, it can also affect the longitudinal locations of the maximum
and minimum Ne. Further studies are necessary to understand the meridional wind effect for all local
times across the globe. So far, few studies have quantitatively addressed the impact of solar illumination,
high-latitude activity, and migrating tides from the lower atmosphere on the longitudinal difference of Ne.
For this purpose, the global ionosphere-thermosphere model is employed to perform the investigation.
By using a globally coupled model, various interdependent physical processes can be separated, so an
understanding of their relative contributions could be determined. Before the model is used to perform the
evaluation, CHAMP satellite observations are utilized to evaluate the model’s performance.
2. GITMModel
The global ionosphere-thermosphere model (GITM), developed at University of Michigan, is a
three-dimensional model that simulates the ionosphere and thermosphere. A complete description of
the model can be found in Ridley et al. [2006]. The model solves the continuity, momentum, and energy
equations in the thermosphere and ionosphere with realistic source terms. The ion momentum equation
is solved by considering the pressure gradients, gravity, neutral winds, and electric fields. GITM is driven
by the high-latitude electric field [Weimer, 2005], auroral particle precipitation [Fuller-Rowell and Evans,
1987], solar EUV, and tides (global-scale wave model, GSWM) at the low boundary [Hagan et al., 1999].
GITM is initiated by using MSIS (Mass-Spectrometer-Incoherent-Scatter) [Hedin, 1991] and IRI (International
Reference Ionosphere) [Bilitza, 2001] neutral and ion densities and temperatures. The magnetic topology
can be described either by the dipole field or the International Geomagnetic Reference Field (IGRF)
[Maus et al., 2005].
For this study, GITM is run with a resolution of 1◦ latitude by 5◦ longitude and with a stretched altitude,
resolving the vertical scales with approximately one third of a scale height. It is run for 48 h to reach a quasi
steady state. The simulations are then continued from the startup simulation for another 24 h, which are
used for the analysis presented here. The input parameters are averaged over a length of 131 days centering
on 21 September 2004, which are as follows: IMF Bx=0.20 nT, IMF By=0.13 nT, IMF Bz=−0.26 nT, solar wind
velocity, Vx=452 km/s, F10.7=99.2w/m2/Hz, and hemispheric power, HP=26.5 GW. The tides at the low
boundary are turned off.
The CHAMP data set are used for comparison with GITM. CHAMP had a near-circular orbit at an inclination
of 83.7◦. The initial altitude was ∼450 km [Reigber et al., 2002], and during 2004 and 2005 the altitude
decreased to ∼380 km on average. The orbit covered all local times within 130 days, combining the
ascending and descending nodes. The Planar Langmuir Probe (PLP) on board CHAMPmeasured the electron
density every 15 s. A length of 131 days centered on September Equinox from 2004 to 2005 were analyzed
in order to cover the full cycle of local times.
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Figure 1. Geographical longitudinal versus magnetic local time variations of the difference in the electron density (ΔNe)
simulated by (top row) GITM and observed by (bottom row) CHAMP in September in the (left column) Northern and
(right column) Southern Hemispheres. Tides have been turned off at the lower boundary of the GITM model, and IGRF
geomagnetic field model is used. Densities are given in 1010 m−3.
3. Simulation Results
3.1. Comparison With CHAMP Observations
As a validation, GITM output is compared with CHAMP satellite observations. The midlatitudes between
±40◦ and ±60◦ magnetic latitudes (MLat) are considered. The electron density is sorted into geographic
longitude (GLon) and magnetic local time (MLT) bins with a resolution of 15◦ longitude by 1 h MLT.
Figure 1 depicts contours of ΔNe simulated by GITM at 400 km altitude (top row) and observed by CHAMP
(bottom row) in both hemispheres in the frame of geographic longitude versus magnetic local time. The
longitudinal mean value is subtracted for each MLT sector to show the longitudinal difference, ΔNe, which
is dependent on MLT. Good agreement between the simulation results and observations exist in large-scale
structures, with prominent wave-2 and wave-1 structure in the longitudinal profile in the Northern and
Southern Hemispheres. Fine-scale structure is not presented in the model, since the results are for one
single day driven by a 131 day average instead of a 131 day buildup of results, as is shown in the CHAMP
results. The longitudinal differences reverse over the course of a day. The ΔNe in the western America
or western Europe-Asia appear during the daytime as a Ne enhancement and during the night as a Ne
depletion. This reversal in ΔNe is also seen in the Southern Hemisphere, i.e., higher Ne build up over Atlantic
and Indian Oceans during the daytime, while over the Pacific Ocean areas, the ΔNe increases at night.
Ne perturbations are larger in the Southern Hemisphere than in the Northern Hemisphere, and larger in
the Western Hemisphere (North America) than in the Eastern Hemisphere (Europe and Asia). The good
WANG ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2953
Journal of Geophysical Research: Space Physics 10.1002/2014JA020790
Table 1. Peak West-East Differences of Ne for Both Day and Nighttime Over Three Regions:
North America, Europe-Asia, and Southern Oceana
Day (Nighttime) Base Run Uz Effect Um Effect NW Effect GSWM Tides
North America 15.9 (23.6) 15.7 (16.8) −7.1 (−8.7) 9.6 (8.6) 3.1 (2.7)
Europe-Asia 10.0 (9.8) 8.2 (7.5) - 10.5 (8.0) -
Southern Ocean 33.2 (41.5) 25.6 (31.5) −16.2 (−12.6) 23.7 (23.4) -
aFrom left to right are simulation results from the base run, zonal wind effect (Uz), merid-
ional wind effect (Um), neutral wind effect, and GSWM tidal effect. The values in the brack-
ets are at nighttime. Reversed longitudinal differences from the normal pattern are shown as
negative values. Areas without well-developed longitudinal pattern are not listed. Densities
are given in 1010 m−3.
agreement between the model and the observations give confidence that GITM is a suitable tool for
investigating the mechanisms that account for the longitudinal differences of Ne. The peak west-east
differences of ΔNe over three sections, i.e., North America (180◦W–0◦W), Europe-Asia (0◦E–180◦E), and
Southern Ocean areas (180◦W–180◦E), are determined for both the day and nighttime. These peak
differences are listed in Table 1 and referred to as the base run. These quantities were used for comparison
with the tests described below.
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Figure 2. Geographical longitudinal versus magnetic local time variations of the difference in the electron density (ΔNe)
as simulated by GITM using the centered dipole magnetic field model. (a and b) Cases without tides. (c and d) Cases with
GSWM migrating tidal forces imposed at the lower boundary of GITM. Densities are given in 1010 m−3.
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Eight test runs are performed using GITM model. Two tests are carried out using Earth-centered dipole
magnetic field, with the dipole axis aligned with the rotation axis, one with no tides input from the
lower atmosphere and the other with GSWM diurnal and semidiurnal migrating tides imposed at the low
boundary of GITM. The other six tests are run in the presence of the actual IGRF field. Three of these runs
test the neutral wind effects: zonal wind off, meridional wind off, and neutral wind off; here “off” means the
vertical plasma drift due to the neutral wind is excluded in the simulation. One run tests the tidal effect:
GSWMmigrating tides are imposed at the low boundary of GITM. Two runs test whether the high-latitude
activity has an effect on the electron density perturbations: the IMF Bz is enhanced by a factor of 20, one run
is with the neutral wind effect off, and the other run is with the neutral wind effect on. Through comparisons
with the base run, the effects from the geomagnetic field, neutral wind, migrating tides, and high-latitude
effect in the longitudinal configuration of Ne can be determined.
3.2. Geomagnetic Field Geometry
The simulation results of ΔNe for runs with the centered dipole field are shown in Figure 2 in the same
format as Figure 1. Figures 2a and 2c show the Northern Hemisphere, and the Figures 2b and 2d show the
Southern Hemisphere. Figures 2a and 2b are simulations without tidal inputs from the lower atmosphere,
and Figures 2c and 2d are with tidal inputs. Interestingly, the longitudinal differences in ΔNe disappear in
both hemispheres irrespective of the tidal input. This indicates that the geometry of the geomagnetic field
is vital in making the longitudinal difference of Ne. The migrating tides at the lower boundary of GITM have
almost no effect on the zonal modulation of the F region ionosphere at midlatitudes.
3.3. Neutral Wind Effect
Three runs are shown in Figure 3 to illustrate the neutral wind effect. Figures 3a–3f are runs that demonstrate
the effect of the meridional wind, zonal wind, and neither on the vertical plasma velocity. When the zonal
wind effect is removed (Figures 3a and 3b) and only the meridional wind is considered, theΔNe patterns are
very different from the base results shown in Figure 1. The daytime Ne disturbances shift eastward by about
30◦. Over North America (180◦W–0◦W), reversed west-east difference as compared to the observations and
the base case can be found, with larger daytime Ne occurring to the east. The nighttime zonal difference
remains similar in shape as the base case, but is significantly reduced.
In order to isolate the effect that the zonal wind has on the system, the simulation that excludes the zonal
wind (i.e. meridional wind included only) is subtracted from the base simulation. The difference should
then be the contribution exclusively from the zonal wind. Density differences between runs with and with-
out zonal wind effects (Nerest=ΔNebase−ΔNeUzoff) are shown in Figures 4a and 4b. There are two zones of
enhancements and two zones of reductions of Ne along a local time profile in the Northern Hemisphere
and one zone of enhancement and one zone of reduction in the Southern Hemisphere. The prenoon
peaks (troughs) are in nearly the same longitude as the afternoon troughs (peaks). This opposite phase in
Ne disturbances over the same geographic area is the manifestation of opposite effects of the prenoon
westward and afternoon eastward zonal winds. The longitudinal difference is larger in the Western-Northern
Hemisphere than in the Eastern Hemisphere, and larger in the Southern Hemisphere than in the Northern
Hemisphere. The peak longitudinal differences over North America, Europe-Asia, and Southern Ocean
areas are listed in Table 1. Compared to the base run, the longitudinal differences caused by the zonal wind
amount to 80% of the original differences, on average. Here the percentage is the averaged value with all
peaks for runs with zonal wind effects divided by those for base run as listed in Table 1.
When the meridional wind effect is off, as shown in Figures 3c and 3d, the longitudinal difference of
ΔNe gets enhanced in amplitude. The meridional wind effect is more clearly presented with residual values
(Nerest=ΔNebase−ΔNeUmoff, Um is the meridional wind), as shown in Figures 4c and 4d, one can find
opposite west-east difference of Ne in the MLT sectors of 6–24 h over North America (180◦W–0◦W) and
Southern Ocean areas (180◦W–180◦E). The longitudinal pattern over the European-Asian sector (0◦E–180◦E)
is not well developed. Interestingly, the equatorward wind is effective over the Pacific ocean (180◦W–30◦W)
in the early morning, which raises the ΔNe level.
The simulated Ne with no neutral wind contributions is shown in Figures 3e and 3f. Similar longitudinal
and diurnal patterns exist as in the observations, but they are reduced in magnitude both during the day
and nighttime. In particular, over the European and Asian sector (0◦E–180◦E) and in the nighttime of South
Pacific Ocean (180◦W–30◦W), the electron densities become rather weak. Further illustrated in Figures 4e
and 4f are differences between runs with and without neutral wind effects, which represent the total effect
WANG ET AL. ©2015. American Geophysical Union. All Rights Reserved. 2955
Journal of Geophysical Research: Space Physics 10.1002/2014JA020790
Northern Hemisphere
(a) Meridional wind only
Geographic longitude [°] Geographic longitude [°] 
Geographic longitude [°] Geographic longitude [°] 
Geographic longitude [°] Geographic longitude [°] 
Lo
ca
l T
im
e 
[h]
−180−150−120 −90 −60 −30 0 30 60 90 120 150 180
0
2
4
6
8
10
12
14
16
18
20
22
24
−20
−15
−10
−5
0
5
10
15
20
Southern Hemisphere
(b) Meridional wind only
Lo
ca
l T
im
e 
[h]
−180−150−120 −90 −60 −30 0 30 60 90 120 150 180
0
2
4
6
8
10
12
14
16
18
20
22
24
−20
−15
−10
−5
0
5
10
15
20
(c) Zonal wind only
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(d) Zonal wind only
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(e) Neither wind included
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(f) Neither wind included
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Figure 3. Geographical longitudinal versus magnetic local time variations of the difference in Ne as simulated by GITM in
the presence of IGRF field. Cases have included the effects from the (a, b) meridional winds (i.e., zonal winds excluded),
(c, d) zonal winds (i.e., meridional winds excluded), and (e, f ) neither.
that the neutral winds have on the longitudinal asymmetries in electron density. The longitudinal differ-
ences caused by the neutral winds are larger in the south than in the north but quite comparable over
European-Asian versus North American areas, in which the effects from the zonal and meridional winds are
out of phase. The Ne in the early morning in the South Pacific Ocean region maintained a high level due
to the positive contributions from both the zonal and meridional winds. The neutral winds contributed on
average 68% to the observed longitudinal difference (see Table 1).
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(b) Rest Ne, ZW effect
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(c) Rest Ne, MW effect
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(d) Rest Ne, MW effect
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(e) Rest Ne, TW effect
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(f) Rest Ne, TW effect
Lo
ca
l t
im
e 
[h]
−180−150−120 −90 −60 −30 0 30 60 90 120 150 180
0
2
4
6
8
10
12
14
16
18
20
22
24
−20
−15
−10
−5
0
5
10
15
20
Figure 4. The same as in Figure 3 but for Nerest, which means the residual value of Ne after the subtraction of runs shown
in Figure 3 from the base run. Therefore, Nerest represents effects from the (a, b) zonal wind, (c, d) meridional wind, and
(e, f ) total wind, respectively.
3.4. Tidal Effect
Another simulation was conducted to check whether migrating tides from the lower atmosphere in the
presence of actual magnetic field (IGRF) could have an effect on the longitudinal distribution of the electron
density at midlatitudes. As shown in Figure 5, when GSWM diurnal and semidiurnal migrating tides are set
as the low boundary of GITM, the longitudinal and diurnal patterns remain almost unchanged as compared
to the base run. The amplitude of ΔNe is enhanced by about 15% over North America (180◦W–0◦W).
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Northern Hemisphere
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(b) Tidal effect
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(c) Rest Ne, tidal effect
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(d) Rest Ne, tidal effect
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Figure 5. Same format as Figure 1 but for the case when diurnal and semidiurnal migrating tides are imposed at the
low boundary of GITM. (a and b) Geographical longitudinal versus magnetic local time variations of the difference in Ne.
(c and d) Residual Ne after the subtraction of the previous base run.
The migrating tides have no impact on the midlatitudinal longitudinal pattern of Ne over the
European-Asian (0◦E–180◦E) and Southern Ocean areas (180◦W–180◦E).
3.5. High-Latitude Effect
Strong horizontal wind can be generated in the auroral region during periods of strong magnetic activity.
These winds can carry molecular-rich air from high latitudes to midlatitudes and cause both composition
and wind disturbances there [e.g., Proelss, 1981; Fuller-Rowell et al., 1994]. The equatorward wind adds
to (reduces) the nighttime (daytime) background equatorward (poleward) wind. Furthermore, the equa-
torward wind turns westward due to the Coriolis force, which can weaken (strengthen) the nighttime
(daytime) eastward (westward) zonal wind. The molecular-rich air can increase the chemical recombination
rate at midlatitudes, which results in the decrease in Ne. In order to check the effect of high-latitude activity
on the midlatitudinal electron density structuring through the composition changes due to increased
winds, IMF Bz was enhanced by a factor of 20. The interplanetary electric field was correspondingly changed
from 0.12 mV/m to 2.4 mV/m (Ey=Vx×Bz), which resulted in enhancements of the high-latitude electric field
and Joule heating. The neutral wind effects on the vertical plasma motion were turned off in order to isolate
the effect of the composition changes.
As seen in Figure 6, ΔNe exhibits a different longitudinal and diurnal distribution than the normal pattern as
depicted in Figures 3e and 3f. Daytime wave-2 structures emerge in both hemispheres, which do not reverse
in local time. The residual Ne, after a subtraction of the baseline distribution, is shown in Figures 6c and 6d.
The main differences between these two runs exist in the daytime from 6 to 22 MLT. There are wave-2 struc-
tures along the longitudinal profile in both hemispheres. In the Northern Hemisphere, there are two zones
with enhanced density near 90◦W and 90◦E and two zones of depleted density centered around 30◦W and
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Figure 6. Same format as Figure 3 but for the case when IMF Bz is enhanced by a factor of 20. The total wind effect is
excluded for the present run to isolate the thermospheric composition effect. (a and b) Geographical longitudinal versus
magnetic local time variations of the difference in Ne. (c and d) are residual Ne after the subtraction of the run with the
total wind off (Figures 3e and 3f ) from the present case.
180◦E longitude. In the Southern Hemisphere, the depletions and enhancements are shifted between 30◦
and 60◦ from the Northern Hemisphere.
4. Discussion
Based on the agreement between the GITM simulation and CHAMP observations at different local times and
longitudinal sectors, the model is employed to study the relative contributions of various physical processes
to the longitudinal structuring of the electron density. In particular, the present work focuses on effects of
the magnetic field geometry, horizontal neutral winds, migrating tides from the lower atmosphere, and
high-latitude activity.
4.1. Geomagnetic Field Geometry
The longitudinal variation of the electron density is strongly dependent on the displacement of the geo-
magnetic from the geographical pole, which causes a zonal asymmetry of the magnetic declination angle at
midlatitudes. This is supported by the fact that the longitudinal difference of Ne vanishes when the geomag-
netic axis was aligned with the geographic rotation axis (see Figure 2). For the case with the aligned dipole
magnetic field, the geographic and geomagnetic coordinate systems overlap with each other. The magnetic
declination angle becomes zero, and the local time dependence of the neutral wind becomes independent
of longitude. Thus, in the simulation results using an aligned dipole, there is no contribution of the neutral
wind to the longitudinal dependence of Ne, which explains the disappearance of the longitudinal variation
of Ne, for the most part (this will be discussed in more detail below). The actual north magnetic pole is
approximately 10◦ displaced from the geographic pole, while the south magnetic pole is displaced by over
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Figure 7. Geographical longitudinal versus magnetic local time variations of the difference in the vertical plasma flow
due to the (a, b) zonal wind (ΔVVz), (c, d) meridional wind (ΔVVm), and (e, f ) total wind (ΔVVz+m) as simulated by GITM
for the base case as shown in Figures 1a and 1b. Velocities are given in meters per second.
15◦. In the Southern Hemisphere there are larger declination angles at midlatitudes than in the northern
midlatitudes. Subsequently, the longitudinal difference of Ne is more prominent in the south than in the
north, which is shown in both the simulation and the observation (see Figure 1).
4.2. Neutral Wind Effect
Due to the nonzero geomagnetic declination and inclination angles, the neutral winds can contribute to the
vertical motion of the plasma. This vertical velocity (VV) can be expressed as follows:
VV = Um cosD cos |I| sin |I| ∓ Uz sinD cos |I| sin |I|, (1)
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where the negative and positive signs correspond to the Northern and Southern Hemispheres, respectively.
Um and Uz are the geographic meridional and zonal wind (positive for equatorward and eastward wind),
D is magnetic declination (positive for eastward), and I is magnetic inclination angle (positive in the north
and negative in the south). D and I are calculated from the International Geomagnetic Reference Field (IGRF)
model [Maus et al., 2005]. When the resultant vertical velocity is positive, the plasma will be pushed up
the magnetic field to regions of less molecular neutral species, reducing the loss of the O+, such that the
electron density will increase during the day. If the vertical velocity is negative, the reverse will occur.
Figure 7 shows the vertical plasma velocity due to the zonal wind (ΔVVz), meridional wind (ΔVVm), and total
neutral wind effect (ΔVVm+z) for the base run (Figure 1). The impact of the zonal wind on the vertical plasma
flow depends on the sign of the geomagnetic declination angle (i.e., sinD). There are two positive (eastward)
and negative (westward) declination zones in the Northern Hemisphere, while there is one positive and
negative zone in the Southern Hemisphere. Therefore, the longitudinal variation induced in the electron
density by the declination angle are two (one) enhancement zones and two (one) reduction zones for a
constant local time in the Northern (Southern) Hemisphere. These explain the wave-2 and wave-1 structures
in ΔVVz shown in Figure 7 (i.e., two peaks and two valleys in the Northern Hemisphere and one peak and
one valley in the south). The variation at a constant longitude is affected by the diurnal changing of the
zonal wind. The zonal wind is westward in the prenoon sector and eastward in the postnoon sector, thus
making the longitudinal difference reverse near noon. The longitudinal and diurnal pattern of VVz is similar
to that of ΔNe as shown in Figures 4a and 4b, thus supporting the zonal wind mechanism established by
other researchers [e.g., Zhang et al., 2011]. In both hemispheres, there was about a 2–3 h delay between
the plasma density variations and the vertical plasma motion in the prenoon sector. This implies that in the
morning sector the vertical motion of ions takes an hour or two to affect the electron density, while in the
afternoon sector, the electron density is affected immediately by the vertical motion.
The longitudinal and diurnal variations in the vertical plasma velocity due to the meridional wind are unaf-
fected by the sign of the declination angle (i.e., cosD). These variations are more related to the longitudinal
and diurnal variation of the meridional wind, because the magnetic inclination angle term (i.e., sin I⋅cos I) has
smaller longitudinal variation in the magnetic midlatitudes (40◦–60◦ MLat) as compared to the meridional
wind (the longitudinal pattern of the meridional wind is quite similar to the vertical velocity, figure not
shown). In the Northern Hemisphere, wave-1 (wave-2) structure along the longitude can be found before
(after) noon. In the Southern Hemisphere, wave-1 structure exists in the longitudinal profile. In comparison
with Figures 4c and 4d, the longitudinal and diurnal distribution of the meridional wind and ΔNe are
very similar.
In Figures 7e and 7f are shown the vertical velocity due to the total neutral wind. The up-lifting or
down-pushing effect from the zonal and meridional winds can be opposite to each other, for example, over
North American sector. The maximum uplift effect from the zonal and meridional winds can be separated
by tens of degrees, for example, in the early morning of South Pacific Ocean. Subsequently, the maximum
up-lifting occurs in between them. The longitudinal and local time patterns of the vertical plasma velocity
resulting from the total wind resembles the patterns of ΔNe as shown in Figures 4e and 4f. The neutral wind
effect provides vertical momentum to the plasma, pushing them up or down, thus playing a critical role in
forming the longitudinal distribution of Ne.
In summary, the zonal wind can account for approximately 80% the observed west-east difference in Ne. The
meridional winds reduce the effect of the zonal wind to 68% in the North American and Southern Ocean
areas, since meridional winds have roughly the opposite effect as the zonal wind. The longitudinal positions
of Ne peaks and troughs caused by the zonal winds are shifted by the meridional winds. Both zonal and
meridional winds contribute positively to the development of the longitudinal difference in the premidnight
sector of the South Pacific Ocean (180◦W–30◦W).
4.3. Tidal Effect
Migrating tides from the lower atmosphere do not drive the zonal difference of Ne in the presence of
an aligned dipole field, as shown in Figures 2c and 2d. But in the presence of the actual magnetic field,
migrating tides do contribute to the longitudinal difference of Ne by about 15%, primarily in the North
American area. Previous studies have shown that the nonlinear interaction between migrating tides and
the geomagnetic field configuration can generate nonmigrating tides [e.g., Hagan and Roble, 2001;Wu
et al., 2012a]. For example, DW1 (migrating tide) and SPW1 (Stationary planetary waves) can generate D0
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and DW2 (nonmigrating tides). The nonmigrating tides can cause longitudinal and local time dependencies
in the electron density [e.g., Xiong and Lühr, 2014; H. Wang et al., submitted manuscript, 2015]. However,
the midlatitude model results presented here suggest that the migrating tides at midlatitudes decayed
significantly before being coupled with the upper thermosphere and ionosphere. Previous work have shown
that nonmigrating tides originate in the troposphere can modulate the longitudinal pattern of ionosphere
and thermosphere at equatorial regions [e.g., Hagan and Forbes, 2002; Immel et al., 2006;Wu et al., 2008,
2009;Wan et al., 2010; Lühr et al., 2012;Wu et al., 2012b; Chang et al., 2013]. The detailed investigation of the
nonmigrating tides effects on the midlatitudinal longitudinal pattern of Newill be left for future work.
4.4. Solar Illumination
As discussed above, about 68% of the longitudinal variation of the electron density is accounted for by the
neutral winds, and approximately 15% may be accounted for by the tides, leaving roughly 17% or so unac-
counted for. One has to ask the following question: what kind of physical process can drive the remaining
contribution to the longitudinal pattern in the electron density (see Figures 3e and 3f)? Since the primary
source of the ionosphere is the solar EUV/UV radiation, it might be interesting to check the longitudinal
dependence of the solar illumination.
The longitudinal and diurnal variations of ΔSZA (solar zenith angle, SZA) are shown in Figure 8. Figures 8a
and 8b are for the aligned dipole magnetic field, and Figures 8c and 8d are for the IGRF field (base run).
Positive value means increased SZA (i.e., less sunlight) from the longitudinal mean. Roughly speaking,
SZA <100◦ is in sunlight, while SZA ≥100◦ is in darkness at 400 altitudes [Wang et al., 2005]. The overlayed
white line indicates this demarkation (i.e., SZA=100◦), which separates the illuminated dayside and the
dark nightside.
For the centered dipole field case, since the geomagnetic and geographic poles are aligned with each other,
the solar illumination is independent of longitude. However, within the IGRF frame, longitudinal variations
of the solar illumination exist (as shown in Figures 8c and 8d), due to the fact that the magnetic midlatitudes
occur at different geographic latitudes depending on the longitude. The ΔSZA shows a wave-1 structure
along the longitude profile in both hemispheres. The daytime solar illumination is perturbed the most
around 90◦W GLon in the Northern Hemisphere, while there are two areas of strong perturbation in the
Southern Hemisphere: around 90◦W and 120◦E. These two sectors (90◦W and 120◦E) are in the vicinity
of the north and south magnetic poles. Figures 8e and 8f show the longitudinal and magnetic local time
variation of the averaged geographical latitudes in the magnetic latitude bands from ±40 to ±60◦). As illu-
minated in Figures 8e and 8f, in the Northern Hemisphere the geographic latitude of the middle magnetic
latitude is 39◦ at 90◦W (near pole), while it is 56◦ at 120◦E (far from pole). In the Southern Hemisphere the
geographical latitude of the middle magnetic latitude is 37◦ in the near-pole sector (120◦E), while it is 64◦
in the far-from-pole sectors (90◦W). The difference in the geographical latitude is the key point for the zonal
dependence of the SZA.
No obvious longitudinal differences of SZA exist over European-Asian sector because of less longitudinal
variation of the geographical latitude. The solar illumination effect in the Southern Hemisphere is larger
than in the Northern Hemisphere. Subsequently, the longitudinal dependence of the electron density is
larger in the south than in the north (see Figures 3e and 3f). The largest perturbations are observed at
sunrise and sunset, with almost no perturbations occurring at night and weak perturbations during midday.
This points strongly to the solar zenith angle effect. Comparing Figures 3e and 8c as well as Figures 3f and
8d, similarities exist. For example, in the Northern Hemisphere, the largest perturbations occur near 120◦W
in both the SZA and ΔNe, while in the Southern Hemisphere, all longitudes are affected by both the SZA
and the ΔNe. The ΔNe is larger in the Southern Hemisphere, while the SZA effect is more prominent there,
too. Therefore, it is argued that the majority of the nonneutral-wind-driven ΔNemay be caused by the
longitudinal dependence of the SZA in magnetic coordinates.
4.5. High-Latitude Effect
When the southward IMF Bz is enhanced significantly, more energy is deposited into the high-latitude
ionosphere. Enhanced Joule heating in the auroral zone will cause stronger equatorward neutral winds,
which can transport N2-molecular-rich air from the high latitudes to midlatitudes, thus increasing the
charge exchange and subsequently the recombination rate in the region [e.g., Seaton, 1956; Proelss, 1980;
Fuller-Rowell et al., 1994; Rishbeth, 1998]. The neutral wind effect on the vertical motion of the plasma
is turned off in this run, so that the wave-2 structure of the electron density in the longitudinal profile
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Figure 8. Geographical longitudinal versus magnetic local time variations of the difference in the solar zenith angle
(ΔSZA). Overplotted white lines indicate the solar terminator position (SZA=100◦). (a and b) The centered dipole
magnetic field case. (c and d) The IGRF magnetic field case. (e and f) Geographical latitudes at magnetic midlatitudes for
the IGRF magnetic field case. Angles are given in degrees.
(see Figures 6c and 6d) originates primarily from the compositional changes within the thermosphere at
midlatitudes, which are determined by the circulation. In the F region, the production of O+ comes primarily
from the photo-ionization of atomic oxygen (O), while the loss is mainly through charge exchange with the
molecular nitrogen (N2) and the subsequent rapid dissociative recombination of the N
+
2 [e.g., Seaton, 1956].
Thus, the composition ratio between atomic oxygen and molecular nitrogen (O∕N2) largely determines the
electron density, and a decrease in O∕N2 could lead to a decrease in the electron density in the F region.
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Figure 9. Geographical longitudinal versus magnetic local time variations of the (a and b) difference of the ratio between
O and N2 densities and ΔO∕N2, and (c and d) the vertical plasma velocity due to the midlatitudinal electric field, ΔVVEF.
Both parameters are for the enhanced IMF Bz case as shown in Figure 6. (e and f) The longitudinal and diurnal variation
of Ne for the case with enhanced electric field but with the neutral wind effects included.
Figures 9c and 9d show the longitude versus the local time variation of the composition ratio. There is a
prominent wave-2 longitudinal variation (i.e., two-peak and two-trough in the longitude). The peaks maxi-
mize in the early morning sector, and the phases of the variation appear to have been almost stationary
during the whole day. In the Northern Hemisphere, the O∕N2 ratio is larger in the longitudinal sector near
90◦W and 120◦E than in other longitudinal sectors. In the Southern Hemisphere the behavior is more com-
plex but appears to be roughly 60◦ out of phase with the Northern Hemisphere variations. Observational
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studies describing the tidal structure of O∕N2 in the midlatitudes are not available, so it is difficult to deter-
mine whether these are realistic patterns. However, previous studies have reported a wave-4 or wave-3
longitudinal structure within the O∕N2 ratio in the equatorial region, which shows similar longitudinal
behavior as the electron density [e.g., He et al., 2010; Kil and Paxton, 2011]. The longitudinal patterns of
the O∕N2 are consistent with the electron density (see Figures 6c and 6d), showing the importance of the
neutral composition in determining the longitudinal modulation of the electron density.
The midlatitudinal electric field (E⃗) can contribute to the vertical motion of plasma in the F region, due to
the fact that the magnetic field at midlatitudes is inclined. This leads to a vertical component to the E⃗ × B⃗
drift. As illustrated in Figures 9c and 9d, the midlatitude electric field impacts the electron density primarily
during the night, and the effect is more significant in the south than in the north. However, the electric field
effect is smaller than the neutral composition change effect, as can be seen by comparing Figures 9c and 6c
as well as Figures 9d and 6d.
For comparison, the longitudinal variations of Ne due to both the neutral wind and compositional changes
are illustrated in Figures 9e and 9f. The effect of the composition change of the thermosphere is discernable
in the Northern Hemisphere but is mostly absent in the Southern Hemisphere. In the Southern Hemisphere
the neutral wind mechanism plays a dominant role, but the composition does affect the shape of the zonal
variation of Ne. For example, Ne over the South Pacific Ocean (180◦W–30◦W) is enhanced in amplitude.
5. Summary
The global ionosphere-thermosphere model has been employed to explore the relative importance of var-
ious possible physical drivers of the longitudinal dependence within the electron density at midlatitudes.
Nine simulations have been carried out to examine the impacts of the geomagnetic field geometry, zonal
wind, meridional wind, migrating tide from the lower atmosphere, high-latitude activity, and solar illu-
mination on the electron density in quantitative ways. The major findings based on the comprehensive
simulations performed in the study are summarized as follows:
1. The geomagnetic field geometry (magnetic tilt away from the rotation axis and declination) is vital in the
formation of the longitudinal dependence of Ne. The asymmetries in the magnetic field geometry results
in both hemispheric and interhemispheric asymmetries of Ne.
2. The zonal wind contributes to about 80% of the fraction of the observed longitudinal dependence of Ne.
The meridional wind reduces the wind contribution to the longitudinal dependence to 65% over North
America and Southern Ocean areas. Both contribute to the higher density in the postmidnight sector of
the South Pacific Ocean.
3. Migrating diurnal and semidiurnal tides from the lower atmosphere can increase the longitudinal
difference of Ne by about 15% over North America within the actual magnetic field frame.
4. Solar ionization plays an important role in modulating the background pattern of Ne, due to the fact that
the magnetic field is tilted so that the midlatitudes are at lower geographical latitudes in some longitudi-
nal sectors and at higher geographic latitudes in other longitudinal sectors. The solar illumination most
strongly affects the longitudinal distribution of Ne over North America and Southern Ocean areas.
5. Enhanced high-latitude activity alters the longitudinal distribution of Ne, through transporting
molecular-rich air from the high latitudes to midlatitudes as well as altering the wind pattern. The O∕N2
density ratio exhibits wave-2 longitudinal variation.
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